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1. 

STEPPED REFLECTOR PLATE 

BACKGROUND OF THE INVENTION 

This invention relates to apparatus and methods of ther 
mally processing a material Such as a semiconductor Sub 
Strate. 

A number of applications involve thermal processing of 
semiconductor and other materials which require precise 
measurement and control of the temperature of the material. 
For instance, processing of a semiconductor Substrate 
requires precise measurement and control of the temperature 
over a wide range of temperatures. One example of Such 
processing is rapid thermal processing (RTP), which is used 
for a number of fabrication processes, including rapid ther 
mal annealing (RTA), rapid thermal cleaning (RTC), rapid 
thermal chemical vapor deposition (RTCVD), rapid thermal 
oxidation (RTO), and rapid thermal nitridation (RTN). In the 
particular application of CMOS gate dielectric formation by 
RTO or RTN, thickness, growth temperature, and uniformity 
of the gate dielectrics are critical parameters that influence 
the overall device performance and fabrication yield. At 
least some of these processes require variations in tempera 
ture across the Substrate of less than a few degrees Celsius. 
As used herein, the term substrate broadly refers to any 

object that is being processed in a thermal processing 
chamber. Such Substrates may include, for example, semi 
conductor wafers, flat panel displays, glass plates or disks, 
and plastic workpieces. 
One element for minimizing variations in Substrate tem 

perature during processing is precise measurement of the 
temperature of the wafer. One method for precisely mea 
Suring Substrate temperature is optical pyrometry. In that 
method, the radiation emitted by the substrate is measured to 
determine the substrate's temperature. The relationship 
between spectral emitted intensity and the temperature of the 
emitting object depends on the spectral emissivity of the 
substrate and the ideal blackbody radiation-temperature 
relationship, given by Planck's Distribution. Using known 
approximations, including an approximation known as 
Wein's Displacement Law, the temperature can be approxi 
mated from the wavelength of light having the peak emis 
sion or it can be determined using the Stefan-Boltzmann 
Law from the spectral emitted intensity. 

However, optical pyrometry suffers from limitations due 
to the inability to accurately measure the emissivity of a 
substrate. Moreover, even if the emissivity of a substrate is 
known at a given temperature, it changes as a function of 
temperature. These changes are difficult to measure and 
therefore introduce an unknown error into the temperature 
measurements. Errors on the order of 10 degrees Celsius are 
not uncommon. 

The emissivity of a substrate can be affected by many 
factors, including the characteristics of the wafer itself, such 
as the wafer's temperature, Surface roughness, doping level 
of various impurities, and material composition and thick 
ness of surface layers. Other factors include the character 
istics of the process chamber and the process history of the 
wafer. 

Various techniques have been employed to reduce the 
effects of changes in emissivity. One such technique 
involves placing a thermal reflecting body near the back 
surface of the target substrate so that thermal radiation from 
the substrate is reflected back to the substrate. The reflector 
may be said to form a reflecting cavity with the substrate. A 
light pipe may be inserted through the reflector into the 
cavity to sample radiation from the reflecting cavity and 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
deliver the sample light to a pyrometer. U.S. Pat. No. 
5,660,472, which is incorporated herein by reference, 
describes Such techniques. 

If the reflector were an ideal reflector, all of the thermal 
radiation emitted from the substrate would be reflected back 
onto the substrate, so that the reflecting cavity would act like 
an ideal black body. In other words, the intensity of the 
thermal radiation within the reflective cavity would not be a 
function of the emissivity of the surface of the substrate. The 
reflective cavity would increase the effective emissivity of 
the substrate to a value equal to one. Because the reflector 
is actually less than perfect, however, the effective emissiv 
ity of the substrate is higher than the emissivity of the 
substrate but less than one. Nevertheless, some error is 
necessarily introduced because the reflector is not an ideal 
reflector, and so the light received by the pyrometer is not 
perfectly representative of the light emitted by the substrate. 

Another important element in thermal processing of Sub 
strates is the ability to control the temperature of the 
substrate. Generally, the substrate must be rapidly heated 
and cooled within very precise parameters over a wide range 
of temperature. A number of techniques are known for 
providing rapid and controllable heating and cooling. For 
instance, it is known to change the rate at which heat is 
transferred between the substrate and a heat source or 
thermal reservoir during processing of the Substrate by 
applying different gases to the processing chamber. For 
instance, the rate at which the substrate is heated can be 
significantly increased by providing a purge gas with a 
relatively low thermal conductivity (e.g., nitrogen, argon, 
Xenon, or a combination of two or more of these gases) in 
the reflective cavity during heating of the substrate. Like 
wise, the rate at which the substrate is cooled can be 
significantly increased by providing a purge gas with a 
relatively high thermal conductivity (e.g., helium, hydrogen, 
or a combination of those gases) between the Substrate and 
a thermal reservoir during the cool-down phase of the 
processing. U.S. Pat. No. 6,215,106B1, which is incorpo 
rated herein by reference, describes such techniques. These 
methods, however, require careful control of the gases, 
which can complicate and/or prolong the process. 

SUMMARY 

The present invention is generally directed to a method 
and apparatus for thermally processing a Substrate. Gener 
ally, a reflector has a stepped surface including a number of 
recesses. Pyrometers are coupled to the recesses, and the 
surface of the reflector in the recesses is highly reflective to 
optimize the performance of the pyrometers. Other portions 
of the reflector surface have reduced reflectivity, to promote 
rapid cooling of the Substrate. The stepped surface also 
reduces the Volume of purge gas needed to fill the process 
chamber. 
The invention has particular use in a thermal processing 

system in which one or more pyrometers are employed to 
measure the Substrate temperature. Specifically, each 
pyrometer measures the intensity of radiation emitted by the 
Substrate. The configuration of the pyrometers is such that, 
using the Stefan-Boltzmann Law, the temperature of the 
substrate can be calculated from the intensity of radiation 
received by the pyrometer. In some embodiments, one or 
more additional pyrometers are employed to provide a more 
accurate temperature determination. 
The reflector of the present invention is tailored to this 

pyrometry system. Since the determination of the tempera 
ture from the intensity of radiation emitted by the substrate 
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preferably requires highly reflective conditions in the area 
around the inlets to the pyrometer(s), the portion of the 
reflector surrounding the inlets is highly reflective. Specifi 
cally, the surface of the reflector includes one or more 
recesses, to which the pyrometers are coupled. The Surface 
of the reflector inside these recesses is highly reflective, 
facilitating measurement of the temperature through the 
pyrometers. 

Outside the recesses, the surface of the reflector is raised, 
or 'stepped,” providing a number of advantages. Because 
the raised surface is closer to the substrate than the surface 
of prior art reflectors, the raised surface reduces the volume 
of purge gas necessary to fill the processing chamber during 
heating and cooling of the Substrate, making that process 
faster and more cost-efficient. In addition, the surface of the 
reflector facing the Substrate also includes portions having 
reduced reflectivity. During cooling, these portions absorb 
radiation emitted by the substrate, rather than reflecting it 
back to the substrate, thereby helping to cool the substrate. 
Preferably, the stepped surface is formed by placing a plate 
over the reflector body, wherein openings in the plate over 
the inlets to the pyrometers form recesses with the top of the 
reflector body. 

For a better understanding of these and other aspects of 
the present invention, reference should be made to the 
following detailed description taken in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings, which are not necessarily to scale: 
FIG. 1 is a schematic cross-sectional side view of an 

apparatus for measuring Substrate temperature in which a 
reflector is positioned near a Substrate, in accordance with 
one aspect of the present invention; 

FIG. 2 is a partial cross-sectional side view of a reflective 
cavity in a reflector positioned near a substrate, in accor 
dance with one aspect of the present invention; 

FIG. 3 is a partial cross-sectional side view of a reflective 
cavity in a reflector positioned near a substrate, in accor 
dance with one aspect of the present invention; 

FIG. 4 is a partial cross-sectional side view of a reflective 
cavity in a reflector positioned near a substrate, in accor 
dance with one aspect of the present invention; 

FIG. 5 is a partial cross-sectional side view of a reflective 
cavity in a reflector positioned near a substrate, in accor 
dance with one aspect of the present invention; 

FIG. 6A is a perspective view of a reflector in accordance 
with one embodiment of the present invention; and 

FIG. 6B is a bottom view of the reflector shown in FIG. 
6A. 

DETAILED DESCRIPTION 

The present invention is generally directed to a stepped 
reflector plate for use in thermally processing a Substrate. A 
reflector plate has a stepped Surface facing the Substrate 
during heating and cooling of the Substrate. The raised 
surface of the reflector plate is non-reflective, providing 
advantages during, among other things, cooling of the 
substrate. The reflector plate also includes a number of 
recesses, in which one or more pyrometers are positioned. 
These recesses have a reflective Surface, providing advan 
tages in the performance of the pyrometers. 

The RTP System 
An RTP system in accordance with one embodiment of 

the present invention is shown in FIG. 1. The RTP system 
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4 
includes a processing chamber 100 for processing a Sub 
strate 106. In one embodiment of the present invention, the 
substrate 106 is a disk-shaped, eight inch (200 mm) diameter 
silicon substrate. In another, it is a twelve inch (300 mm) 
diameter silicon substrate. The substrate 106 is mounted 
inside the chamber 100 on a substrate support structure 108 
and is heated by a heating element 110 positioned directly 
above the substrate. The heating element 110 generates 
radiation 112 which enters the processing chamber 100 
through a water-cooled quartz window assembly 114 which 
is approximately one inch (25 mm) above the Substrate. 
Beneath the substrate is a reflector 102 which is mounted on 
a water-cooled, stainless steel base 116. As shown in FIG. 1, 
the reflector 102 preferably includes an upper plate 502, as 
discussed below. The underside of the substrate 106 and a 
top surface 121 of the reflector 102 form a reflecting cavity 
118 for enhancing the effective emissivity of the substrate, 
as will be discussed in more detail below. 

In the embodiment shown in FIG. 1, the separation 
between an eight inch substrate 106 and reflector 102 is less 
than approximately 0.3 inch (7.6 mm), thus forming a cavity 
which has a width-to-height ratio of more than about 27 (i.e., 
200 mm wafer diameter divided by 7.6 mm separation). If 
the separation is made too large, there will be a decrease in 
the emissivity-enhancement effect attributable to the virtual 
blackbody cavity that is formed. On the other hand, if the 
separation is too small, then the thermal conduction from the 
substrate to the cooled reflector will increase unacceptably. 
This will impose an unacceptably large thermal load on the 
heated Substrate since the main mechanism for heat loss to 
the reflecting plate will be conduction through the gas, the 
thermal loading will, of course, depend up the type of gas 
and the chamber pressure during processing. Other factors 
regarding this separation are described below. 
The temperatures at localized regions 109 of substrate 106 

are measured by one or more temperature probes 150 (only 
three of which are shown in FIG. 1). The temperature probes 
are preferably sapphire light pipes that pass through a 
conduit 124 that extends from the backside of base 116 
through the top of reflector 102. Sapphire light pipes 126 are 
about 0.125 inch (3 mm) in diameter and conduits 124 are 
slightly larger to enable them to be easily inserted into the 
conduits. In one embodiment of the present invention, one 
temperature probe 150 may be used to make temperature 
measurements, while another temperature probe 152 may 
serve as a correction probe. 
As indicated above, although only three measurement 

probes are shown in FIG. 1, the described embodiment may 
actually use any Suitable number of Such probes, for 
example, eight measurement probes distributed over the 
reflector so as to measure the temperature at different radii 
of the Substrate. During thermal processing, Support struc 
ture 108 is rotated at, preferably, about 90 RPM. Thus, each 
probe actually samples the temperature profile of a corre 
sponding annular ring area on the Substrate. 
The support structure which rotates the substrate includes 

a Support ring 134 which contacts the Substrate around the 
substrates outer perimeter, thereby leaving all of the under 
side of the Substrate exposed except for a small annular 
region about the outer perimeter. In one embodiment, the 
annular region of the Support ring 134 has a radial width of 
approximately one inch (25 mm). To minimize the thermal 
discontinuities that will occur at the edge of substrate 106 
during processing, Support ring 134 is made of the same, or 
similar, material as the Substrate, e.g. silicon or silicon 
carbide. The support ring 134 rests on a rotatable tubular 
quartz cylinder 136 that is coated with silicon to render it 
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opaque in the frequency range of the pyrometers. The silicon 
coating on the quartz cylinder acts as a baffle to block out 
radiation from external sources that might distort the inten 
sity measurements. The bottom of the quartz cylinder is held 
by an annular upper bearing race 141 which rests on a 
plurality of ball bearings 137 that are, in turn, held within an 
stationary, annular, lower bearing race 139. The ball bear 
ings 137 are made of steel and coated with silicon nitride to 
reduce particulate formation during operation. The upper 
bearing race 141 is magnetically-coupled to an actuator (not 
shown) which rotates the cylinder 136, support ring 134 and 
substrate 106 at about 90 RPM during thermal processing. 

In this embodiment, the Support ring 134 is designed to 
create a seal with the quartz cylinder 136. Extending from 
the bottom surface of the support ring 134 is a cylindrically 
shaped lip which has an outside diameter that is slightly 
Smaller than the inside diameter of the quartz cylinder, so 
that it fits into the cylinder, as shown, and forms a light seal. 
On the inside region of the support ring, there is a shelf for 
supporting substrate 106. The shelf is a region around the 
inside circumference of the Support ring that is lower than 
the rest of the support ring. A purge ring 145 that is fitted into 
the chamber body Surrounds the quartz cylinder. The purge 
ring 145 has an internal annular cavity 149 which opens up 
to a region above upper bearing race 141. The internal cavity 
149 is connected to a gas Supply (not shown) through a 
passageway 147. During processing, a purge gas is flowed 
into the chamber through purge ring 145. 
The Support ring 134 has an outer radius that is larger than 

the radius of the quartz cylinder so that it extends out beyond 
the quartz cylinder. The annular extension of the Support 
ring beyond cylinder 136, in cooperation with purge ring 
145 located below it, functions as a baffle which prevents 
Stray light from entering the reflecting cavity at the backside 
of the substrate. To further reduce the possibility of stray 
light reflecting into the reflecting cavity, Support ring 134 
and purge ring 145 may also be coated with a material that 
absorbs the radiation generated by heating element 110 (e.g., 
a black or grey material). 
As indicated above, the light pipes 126 are preferably 

made of Sapphire. Sapphire light pipes are generally pre 
ferred because they have relatively small scattering coeffi 
cients and they tend to have greater transverse light rejec 
tion, thus they provide greater measurement localization. 
However, the light pipes can be made of any appropriate 
heat-tolerant and corrosion-resistant material, e.g., quartz, 
that can transmit the sampled radiation to the pyrometer. 
Alternatively, the radiation sampling system could be an 
optical system that includes a small-radius objective lens 
mounted in reflector 102 and a system of mirrors and lenses 
which communicate radiation collected by the lens to the 
pyrometer. Such a scheme may be less expensive than 
Sapphire light pipes if appropriate off-the-shelf optical ele 
ments can be found. Alternatively, light pipes can also be 
made from a tube with a highly polished reflective inner 
Surface. 
An example of a suitable heating element 110 is disclosed 

in U.S. Pat. No. 5,155,336. This heating element uses light 
pipes (not shown) to deliver highly collimated radiation 
from tungsten-halogen lamps to processing chamber 100. 
The lamps are divided into twelve Zones which are located 
in a radially symmetrical manner. The Zones can be indi 
vidually adjusted to allow the radiative heating of different 
areas of substrate 106 to be controlled. 

In the embodiment of FIG. 1, a base 116 includes a 
circulation circuit 146 through which coolant circulates, 
thereby cooling the reflector and the reflecting surface. 
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6 
Water which is typically at about room temperature (23° C.) 
is circulated through the base 116 to keep the temperature of 
the reflector well below that of the heated substrate. For 
example, the temperature of the reflector may be kept at 
100° C. or less. It is important to cool the reflector during 
RTP to discourage any possible chemical activity that might 
occur on its surface. If the reflector is allowed to heat up, this 
will tend to increase surface oxidation which could seriously 
degrade the reflectivity of the reflecting portions of the 
reflector. Achieving an effective emissivity enhancement 
depends on having and maintaining a highly reflective 
Surface on those reflective portions. In addition, as the 
reflector assembly heats up, it will become a source of 
radiation which will distort the sampled signal. 

In general, it is desirable in a system for processing silicon 
Substrates to use a pyrometer that detects long radiation 
wavelengths (e.g., wavelengths greater than about 3.5 to 4 
microns). However, this approach is best Suited for tempera 
tures above 700° C. At room temperature, a silicon wafer is 
transparent to wavelengths of light longer than around 1.0 
microns. As the temperature of the Substrate increases, the 
Substrate becomes opaque to the longer wavelengths until, at 
about 700° C., the substrate becomes opaque to all wave 
lengths of interest. Thus, at temperatures below 700° C., a 
long wavelength sensitive pyrometer will be more apt to also 
detect light coming directly from the heat source. In short, 
the wavelength sampled by the pyrometer should vary with 
the process temperature. If the process temperature is Sub 
stantially below 700° C., then the pyrometer should sample 
wavelengths shorter than 1.1 microns. If higher process 
temperatures are used, then longer wavelengths can be 
sampled. 

In one design, particularly suitable for process tempera 
tures between 900° C. and 1350° C., a solid-state pyrometer 
is used that is sensitive to radiation at wavelengths between 
0.9 microns and 1.0 microns (e.g., a 900-LP-6.35C sensor 
combined with a 100-S8MS-B-8CV electronics box). In this 
temperature range, there is Substantial amount of radiation 
produced in the wavelength range 0.9–1.0 microns provid 
ing high signal strengths and high signal-to-noise ratios. 
The Reflector 
FIG. 2 shows a reflector 102 in accordance with a 

preferred embodiment of the present invention. As shown in 
FIG. 2, one or more recesses 506 are formed in the upper 
surface of the reflector 102. Preferably, the reflector com 
prises a body portion 504 and an upper portion 502, which 
may be constructed by a Suitable design Such as a plate. 
Preferably, openings in the upper portion 502 of the reflector 
102 form the sides of the recesses 506, and the upper surface 
508 of the reflector body portion 504 forms the bottom of the 
recesses. Of course, other configurations for forming a 
recess could also be used within the scope of the present 
invention. For example, instead of an upper portion and a 
body portion, the reflector could comprise a single body 
having recesses formed on its Surface Such as, for example, 
cavities, bores, hollows, slots, orifices, or chambers. 

In the embodiment shown in FIG. 2, the bottom of the 
recess 506 further comprises a small reflective cavity 42 
(i.e., a microcavity) formed in the top surface of reflector 
body portion 504 where the conduit passes through to the top 
of the reflector. The conduit enters the small cavity forming 
an aperture 129 at the bottom of the small cavity. A sapphire 
light pipe 126 is positioned within conduit 124 so that its 
uppermost end is flush with or slightly below the bottom of 
microcavity 42. The other end of light pipe 126 couples to 
a flexible optical fiber 125 that transmits sampled light from 
the cavity to a pyrometer 128. 



US 7,041.931 B2 
7 

In the described embodiment, the microcavity 42 is cylin 
drically shaped, has a radius S(R) of about 0.100 inch and a 
depth (L) of about 0.300 inch. An aperture 129 at the bottom 
of microcavity 42 and the conduit 124 are slightly larger 
than about 0.125 inch (3 mm), which as noted above, is the 
diameter of the sapphire light pipe. The microcavity 42 
functions to enhance the virtual blackbody effect of the 
reflecting cavity 118 that is present between the backside of 
the substrate 106 and the top of reflector 102, thereby 
increasing the effective emissivity of the substrate to a value 
that is even closer to one. The cylindrical microcavity 
increases both the signal-to-noise ratio of the sampled signal 
that is detected by the light pipe and the effective emissivity 
of the substrate (or equivalently, the effective reflectivity of 
the reflecting cavity). The enhancement effect does not 
appear to be strongly dependent on whether the probe end is 
flush with the bottom of the surface microcavity 42 or is 
placed below that point and recessed within the conduit 124. 
Thus, the operation of inserting the probe into the conduit 
during the assembly of the reflector is made easier by not 
having to satisfy close critical tolerances regarding the 
placement of the probe end. However, the probe end pref 
erably should not protrude into the surface microcavity since 
this seems to degrade the enhancement effect. 

Assuming perfectly reflecting sidewalls in the cylindrical 
microcavity, the enhancement effect caused by the cylindri 
cal microcavity increases as the L/R ratio of the microcavity 
increases. However, since the sidewalls are not perfectly 
reflecting, the more times the collected radiation reflects 
back and forth within the cavity, the more its signal strength 
will be diminished by the losses which occur upon each 
reflection. Therefore, as a practical matter there is a limit to 
how large one can make the L/R aspect ratio of the cylin 
drical microcavity and still obtain improvements in perfor 
aCC. 

The surface microcavity 42, which is formed around the 
end of the probe, appears to work by increasing the level of 
self-irradiation of a localized region of the substrate back 
side, by increasing the collection efficiency of the probe, or 
by a combination of both mechanisms. In other words, the 
Surface cavities increase, relative to a planar reflector, the 
amount of light that reflects from the reflector back at the 
localized region 109 on the substrate where the temperature 
is to be measured. This also increases the probe's collection 
of radiation. 

In the described embodiment, to achieve the high reflec 
tivity that is desired for the reflector, a highly reflective 
multi-layered coating 120 is formed on the surface of the 
recess 506, including the microcavity 42. The bottom layer 
of the coating is preferably a thin layer of a highly reflective 
material. In one embodiment, the reflective material is gold, 
which is deposited onto the surface of the reflector body. 
Gold may be employed because it has a reflectivity of about 
0.975 in the infra-red wavelength range of interest (i.e., 
about 950 nm). 

To further enhance the reflectivity of the reflective coating 
120, a quarter-wave stack may be formed on top of the 
reflective layer. The quarter-wave stack is made up of 
alternating dielectric layers which have different indices of 
refraction and have a thickness equal to "/4 of the wavelength 
to which the pyrometer is most sensitive (e.g., a thickness 
equal to 4 of 950 nm). 
A passivation layer (not shown) may be employed above 

the reflective layer, and, preferably, as the top layer of 
multi-layered coating 120. This passivation layer prevents 
the gold or other material of the reflecting layer from 
possibly contaminating the RTP chamber. The passivation 
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8 
layer may be made of silicon dioxide, aluminum oxide, 
silicon nitride, or any other acceptable material that will 
passivate the reflecting layer without degrading its reflective 
properties at the wavelength of interest. 
The reflectivity of multi-layered coating 120 is about 

0.995 at 950 nm, which is significantly higher than the 
natural reflectivity of the reflective material, e.g., 0.975 for 
a single thin gold film. 

If gold is an unacceptable material for the reflective layer, 
other reflecting materials known in the art may, of course, be 
used. For example, nickel is more inert than gold and has a 
good reflectivity, though not as high as gold. Alternatively, 
aluminum has a reflectivity of approximately 0.900 at the 
wavelength of interest; and that reflectivity can be effec 
tively increased to above 0.990 through the use of, for 
instance, a quarter-wave stack as described above. More 
over, other methods of achieving a highly reflective surface 
may also be employed within the scope of the present 
invention. 

Outside the recesses 506, the surface 121 of the reflector 
102 is more absorptive than the surface of the recess. 
Preferably, the reflectivity of the non-reflective surface 121 
is less than half the reflectivity of the reflective surface 120 
of the reflector 102 and therefore has a reflectivity of less 
than 0.500. Thus, surface 121 is more absorptive than 
reflective. Further, the surface 121 is absorptive across a 
range of radiation wavelengths so that it constitutes a 
broadband absorptive surface. This absorptive surface may 
beachieved in various ways known in the art. Preferably, the 
surface 121 is black anodized aluminum. Other methods, 
Such as chemical plating, other materials, or other coatings, 
may also be used. 
The reduced reflectivity surface 121 facilitates cooling of 

the Substrate. During the cooling process, reflecting the 
radiation emitted by the substrate back to the substrate 
would, of course, slow down the cooling of the substrate. 
The reduced reflectivity surface 121 reduces such reflection, 
and thereby facilitates cooling of the substrate. Preferably, 
the reduced reflectivity surface 121 comprises at least half of 
the surface of the reflector 102 facing the substrate 106. 
Many other alternative geometries are possible for the 

Surface microcavity. For example, a hemispherical micro 
cavity 42", such as is shown in FIG. 3, may be used. In this 
embodiment, the microcavity is spherical in shape, with its 
center located in the plane of the reflector surface. For the 
RTP embodiment described above, the radius of the sphere 
is about 6–8 millimeters. A sapphire probe 126 is 0.125 inch 
(3 mm) in diameter, although it may be desirable to use a 
smaller size (e.g., 0.050 inch) to minimize the disturbance 
that the probe might cause to the substrate temperature in the 
localized region 109. 

Other suitable microcavity geometries will be apparent to 
those of skill in the art, such as the geometries shown in 
FIGS. 4 and 5. FIG. 4 shows a conical-shaped microcavity 
with the light pipe located at the vortex of the cone. FIG. 5 
shows a spherical microcavity with the light pipe located 
opposite a circular aperture 161 in the surface of the reflec 
tor. These are just a few of the many alternative geometries 
that could be used. The particular microcavity geometry that 
is most appropriate for a given application can be empiri 
cally determined. In each case, the surface 121 of the 
reflector outside the region of the microcavity has a reflec 
tivity less than half the reflectivity of the surface 120 in the 
microcavity. 

FIG. 6A shows a reflector 602 in accordance with one 
embodiment of the present invention, in which a number of 
recesses 650–662 are formed in the surface of the reflector 
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602. As shown in FIG. 6A, the surface of the reflector 602 
is raised, or stepped, above the reflective recesses 650–662. 
One effect of this raised surface can be seen with refer 

ence to FIG. 1. As shown therein, the surface 121 of the 
reflector 102 is closer to the substrate 106 in the process 
chamber than in conventional process chambers. During the 
cooling phase of the Substrate processing, this raised surface 
facilitates cooling of the substrate. Specifically, heat is 
transferred from the substrate to the gases in the reflective 
cavity 118, and then from those gases to the reflector 102. 
Because the surface of the reflector is closer to the substrate 
as compared to prior art systems, the distance through the 
gas between the reflector 102 and the substrate 106 is less, 
with the result that heat is more easily transferred from the 
Substrate 106 to the reflector 102. 

Another effect of the stepped surface of the reflector 102 
is facilitation of filling or purging the reflective cavity 118 of 
gases. In one embodiment of the present invention, gases 
Such as a purge gas are Supplied into and/or removed from 
the reflective cavity 118. For instance, a purge gas may be 
Supplied to the reflective cavity during heating or process 
ing. In some embodiments, the purge gas Supplied during 
heating may be selected based on its low thermal conduc 
tivity, so that the heat applied by the heating element 110 
does not escape the Substrate through the purge gas. Such 
gases include, without limitation, nitrogen, argon, Xenon, or 
a combination of two or more of these gases. 
A different purge gas may be Supplied to the reflective 

cavity 118 during cooling of the Substrate. For instance, a 
purge gas with a high thermal conductivity may be 
employed to increase the cool-down rate of the substrate. 
Such gases include, without limitation, helium, hydrogen, 
and combinations of those gases. 
The process of Supplying Such gases to the reflective 

cavity 118, or removing such gases from the reflective cavity 
118, is facilitated by the raised surface of the reflector 102. 
The raised surface reduces the volume of the reflective 
cavity. Accordingly, less gas is needed to fill the reflective 
cavity 118, and the gas can therefore be inserted or removed 
more quickly, providing advantages in the speed, cost, and 
efficiency of Substrate processing. 

Various configurations may be employed for the tempera 
ture probe 150 and corresponding recesses 506 of the 
reflector 102. In one configuration, the effective emissivity 
for the temperature measurement probe 150 may be larger 
than the effective emissivity for the correction probe 152. 
Alternatively to placing probe 152 closer to the backside of 
substrate 106, it could be placed in a cylindrical microcavity 
which has its bottom covered with a non-reflecting material. 
In some embodiments, it is desirable that the two probes 
yield different effective emissivities. In some embodiments, 
it is preferable that the two selected probe geometries 
produce a difference in associated effective emissivities that 
is maximized. In other embodiments, the two probes could 
be connected to the same recess. 

In the described embodiment, probes 150, 152 are spaced 
apart by Sufficient distance so that the hole producing the 
lower effective emissivity does not interfere with or degrade 
the effective reflectivity of the other probe. However, the 
two probes should not be spaced so far apart that they do not 
measure the temperature of roughly the same region of the 
substrate. For the described embodiment, a typical separa 
tion which appears to meet these requirements is between 1 
to 3 cm. If the substrate rotates, this means that the radii at 
which the two probes are located should differ by no more 
than this amount. 
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10 
Radiation emitted from the substrate 106 is therefore 

transmitted to one or more pyrometers 128, as shown in FIG. 
1. The Substrate temperature corresponding to the radiation 
received at each pyrometer is then calculated using known 
techniques, such as those described in U.S. Pat. No. 5.660, 
472. According to one method described therein, two or 
more probes may be calibrated using a special calibration 
substrate of known emissivity. Generally, the effective 
reflectivity of the probes is determined from this calibration. 
Using that effective reflectivity and known plots of effective 
emissivity versus emissivity for certain effective reflectivi 
ties, the actual emissivity for the substrate 106 may be 
determined. Knowing the effective emissivity of the sub 
strate 106, the corrected temperature of the substrate, based 
on the radiation received by the pyrometers, can be deter 
mined. 

Preferably, as shown in FIGS. 6A and 6B, radiation is 
collected at recesses 650, 652, 654, 656, 658, 660, and 662 
in the reflector 602, for conveyance to pyrometers (not 
shown in FIGS. 6A and 6B). The positions of these recesses, 
and the corresponding conduits leading to the pyrometers, 
are preferably selected to sample the temperature of desired 
control points on the reflector 602 (corresponding to desired 
control points on the Substrate), as well as to optimize the 
emissivity measurement. For instance, one recess 662 is 
positioned the same radial distance from the center of the 
reflector 602 as a second recess 654. Once the pyrometers 
have been calibrated, the emissivity of the substrate may be 
determined from the radiation received at each recess 654, 
662. Using that calculated emissivity, the temperatures cor 
responding to the radiation received at each of the recesses 
650, 652, 654, 656, 658, 660, and 662 can be determined. Of 
course, the particular number and configuration of the sam 
pling points are merely exemplary, and may be varied within 
the scope of the invention. 

Those skilled in the art to which the invention pertains 
may make modifications and other embodiments employing 
the principles of this invention without departing from its 
spirit or essential characteristics particularly upon consider 
ing the foregoing teachings. The described embodiments are 
to be considered in all respects only as illustrative and not 
restrictive and the scope of the invention is, therefore, 
indicated by the appended claims rather than by the fore 
going description Consequently, while the invention has 
been described with reference to particular embodiments, 
modifications of structure, sequence, materials and the like 
will be apparent to those skilled in the art, yet still fall within 
the scope of the invention. 
What is claimed is: 
1. An apparatus for thermally processing a substrate 

comprising: 
a chamber, 
a Support for mounting a substrate in the chamber, 
a heating element positioned to heat the Substrate when it 

is mounted on the Support; 
a reflecting body positioned in the chamber having a 

upper Surface including a top planar Surface that faces 
the substrate when the substrate is mounted on the 
Support; 

said top planar Surface comprising a reduced reflectivity 
portion; 

said Surface further comprising one or more highly 
reflecting portions, a first said highly reflecting portion 
forming a recess in said planar Surface; and 

one or more pyrometers, a first said pyrometer coupled to 
said recess. 
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2. The apparatus of claim 1, wherein the reflectivity of the 
reduced reflectivity portion has a value that is less than half 
the reflectivity of said first highly reflecting portion. 

3. The apparatus of claim 1, wherein the reflectivity of 
said first highly reflecting portion is greater than 0.99. 

4. An apparatus for thermally processing a substrate 
comprising: 

a chamber, 
a Support for mounting a Substrate in the chamber, 
a heating element positioned to heat the Substrate when it 

is mounted on the Support; 
a reflecting body positioned in the chamber having a 

surface that faces the substrate when the substrate is 
mounted on the Support; 

said surface comprising a reduced reflectivity portion, 
wherein the reduced reflectivity portion comprises at 
least half of the surface of the reflecting body; 

said Surface further comprising one or more highly 
reflecting portions, a first said highly reflecting portion 
forming a recess in said Surface; and 

one or more pyrometers, a first said pyrometer coupled to 
said recess. 

5. The apparatus of claim 1, wherein the reduced reflec 
tivity portion is anodized aluminum. 

6. The apparatus of claim 1, wherein the reduced reflec 
tivity portion comprises a non-reflective coating over a base 
material. 

7. The apparatus of claim 1, further comprising: 
a second said pyrometer coupled to a second recess 

wherein said first recess has a different emissivity from 
said second recess. 

8. An apparatus for thermally processing a substrate 
comprising: 

a chamber, 
a Support for mounting a Substrate in the chamber, 
a heating element positioned to heat the Substrate when it 

is mounted on the Support; 
a reflecting body positioned in the chamber having a 

surface that faces the substrate when the substrate is 
mounted on the support, wherein the ratio of the 
maximum width of the substrate to the distance 
between the bottom surface of the substrate and the top 
surface of the reflecting body is greater than 27: 

said Surface comprising a reduced reflectivity portion; 
said Surface further comprising one or more highly 

reflecting portions, a first said highly reflecting portion 
forming a recess in said Surface; and 

one or more pyrometers, a first said pyrometer coupled to 
said recess. 

9. An apparatus for thermally processing a substrate 
comprising: 

a heating element positioned to heat the Substrate; 
a cooling body positioned to receive radiation emitted by 

the substrate; 
said cooling body comprising a reduced reflectivity por 

tion formed on a top planar Surface thereof facing said 
substrate to absorb radiation emitted by the substrate 
and a highly reflecting portion formed on a sidewall of 
a hole extending into said cooling body; and 

at least one pyrometer coupled to the highly reflecting 
portion, wherein said highly reflecting portion formed 
on said sidewall reflects radiation emitted by the sub 
strate to the at least one pyrometer. 

10. A reflector for rapid thermal processing of a substrate, 
comprising: 

a body portion; and 
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12 
one or more openings formed in an upper portion of said 
body portion; a first said opening overlying a first 
portion of the body portion, and said first portion and 
said upper portion forming a first recess in a surface of 
the reflector facing the substrate, wherein a planar 
surface of said reflector within said first recess facing 
the substrate is highly reflective. 

11. A reflector for rapid thermal processing of a substrate, 
comprising: 

a body portion; 
an upper portion overlying the body portion, the upper 

portion comprising one or more openings; a first said 
opening overlying a first portion of the body portion, 
and said first portion and said upper portion forming a 
first recess in a surface of the reflector facing the 
Substrate; and 

wherein the surface of said reflector within said first 
recess is highly reflective; and 

wherein said upper portion further comprises a reduced 
reflectivity portion wherein said upper portion further 
comprises a reduced reflectivity portion. 

12. A reflector for rapid thermal processing of a substrate, 
comprising: 

a reflecting body having a horizontally extending Surface 
facing the Substrate; 

said Surface comprising a planar horizontally extending 
reduced reflectivity portion and one or more highly 
reflective portions, a first said highly reflective portion 
forming a first recess in said Surface; 

said reflecting body further comprising a conduit to 
convey radiation from said first recess to a pyrometer. 

13. A method for thermally processing a Substrate com 
prising: 

positioning a reflecting body having reduced reflectivity 
portion formed in a top planar Surface facing said 
Substrate and one or more highly reflective portions 
facing said Substrate; 

heating said Substrate; 
measuring the intensity of radiation emitted by the Sub 

strate using one or more pyrometers, a first pyrometer 
coupled to a first highly reflective portion of the reflect 
ing body; and 

determining the temperature of the substrate from the 
intensity measured by the pyrometer. 

14. The method of claim 13, wherein measuring the 
intensity of the radiation comprises measuring the intensity 
at said first pyrometer from the first highly reflective portion 
of the reflecting body and measuring the intensity at a 
second said pyrometer coupled to a second highly reflective 
portion of the reflecting body. 

15. The method of claim 13, further comprising cooling 
said substrate by conducting heat from the substrate to the 
reflecting body. 

16. The method of claim 13, further comprising cooling 
said substrate by absorbing radiation emitted by the sub 
strate at the reduced reflectivity portion of the reflecting 
body. 

17. A method for thermally processing a substrate com 
prising: 

positioning a reflecting body having a reduced reflectivity 
portion and one or more highly reflective portions 
facing said substrate, wherein said reduced reflectivity 
portion of the reflecting body comprises at least half of 
the surface of the reflecting body which faces the 
Substrate; 

heating said Substrate; 
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measuring the intensity of radiation emitted by the Sub 
strate using one or more pyrometers, a first pyrometer 
coupled to a first highly reflective portion of the reflect 
ing body; and 

determining the temperature of the substrate from the 
intensity measured by the pyrometer. 

18. A method for thermally processing a Substrate com 
prising: 

positioning a cooling body having a reduced reflectivity 
portion formed in a top planar Surface facing said 
Substrate and one or more highly reflective portions 
facing said Substrate; 

measuring an intensity of radiation emitted by the Sub 
strate using one or more pyrometers, a first said pyrom 
eter coupled to a highly reflective portion of the cooling 
body; 

determining the temperature of the substrate from the 
intensity measured by the first pyrometer; and 

cooling said Substrate by absorption through the reduced 
reflectivity portion of the cooling body of the radiation 
emitted by the substrate. 

19. A method for thermally processing a substrate com 
prising: 

positioning a reflecting body having a reduced reflectivity 
portion formed in a top planar Surface facing the 
Substrate and one or more highly reflective portions, 
one said highly reflective portion forming a reflective 
cavity facing the Substrate; 

using a first probe and a second probe to measure energy 
from the reflective cavity, said first probe having asso 
ciated therewith a first effective reflectivity and said 
second probe having associated therewith a second 
effective reflectivity, the sampled energy from the first 
probe producing a first temperature indication and the 
sampled energy from the second probe producing a 
second temperature indication, and wherein the first 
effective reflectivity is different from the second effec 
tive reflectivity; 

deriving a corrected temperature at least in part from the 
first and second temperature indications; and 

heating the substrate until the corrected temperature 
reaches a desired temperature. 

20. The method of claim 19, wherein said step of cooling 
further comprises conducting heat from the substrate to the 
reduced reflectivity portion of the reflecting body. 

21. The apparatus of claim 9, wherein said highly reflect 
ing portion is additionally formed on a surface facing said 
substrate of a recess which is formed in said body from said 
top planar Surface and from which said hole extends into 
said body. 

22. The apparatus of claim 9, wherein said reduced 
reflectivity portion comprising at least half of an entire upper 
Surface of said cooling body facing the Substrate. 

23. A reflector for rapid thermal processing of a substrate, 
comprising: 
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a reflecting body having a Surface facing the Substrate; 

said Surface comprising a reduced reflectivity portion 
and one or more highly reflective portions, a first said 
highly reflective portion forming a first recess in said 
surface, wherein the reduced reflectivity portion is 
formed in at least half of an entire upper surface of said 
reflecting body facing the Substrate; 

said reflecting body further comprising a conduit to 
convey radiation from said first recess to a pyrometer. 

24. The method of claim 13, wherein said planar surface 
is a top planar Surface facing and extending in parallel to a 
principal Surface of said Substrate. 

25. The method of claim 13, wherein said reduced reflec 
tivity portion is formed in at least half of the entire place 
Surface facing the Substrate. 

26. The method of claim 18, wherein the reduced reflec 
tivity portion is formed in at least half of the entire planar 
Surface facing said Substrate. 

27. A thermal processing apparatus, comprising: 
a chamber, 
a Support for a substrate in said chamber; 
a heating element positioned to heat the a first side of the 

Supported Substrate; 
a reflector having a front Surface positioned to face a 

second side of the Supported Substrate, comprising: 
a liquid-cooled body; 
a first area constituting at least half of said front Surface 

having a first reflectivity for radiation emitted by said 
Substrate heated by said heating element of no more 
than 50%: 

a second area of said front surface having a second 
reflectivity for said radiation of substantially greater 
than 50%; and 

an optical conduit penetrating said body into an open 
ing in said body penetrating said second area and 
connectable to a pyrometer. 

28. The apparatus of claim 27, wherein said second area 
second reflectivity is at least 99%. 

29. The apparatus of claim 27, wherein a hole is formed 
in said Substrate including sidewalls including said second 
area and wherein said optical conduit has an end at a bottom 
of said hole. 

30. The apparatus of claim 21, further comprising a 
Sapphire light pipe accommodated in said conduit coupling 
said radiation from said first recess to said pyrometer. 

31. The reflector of claim 12, wherein the first recess has 
a highly reflective planar surface surrounded by the reduced 
reflectivity portion which is higher than the recess. 

32. The method of claim 17, wherein the reduced reflec 
tivity portion is formed in a top planar Surface of the 
reflecting body. 


